Abstract The thermal structure in subduction zones has a strong influence on seismogenesis and arc volcanism. Traditional 2-D models have been used to provide reasonable agreement between models and observations, but in a number of cases clear 3-D effects are present. One such case is in the Northern Japan subduction system. At the junction between Japan and Kurile arcs, surface heat flow and the occurrence of intermediate-depth seismicity are different than in the Tohoku and Hokkaido regions. We investigate the effects of 3-D slab geometry and a local deepening of slab-mantle decoupling depth on the thermal structure in this region based on 3-D finite element approach. We find that both effects produce the along-arc variation of slab surface temperature, which could reach $100 C. The warmer region arises through 3-D effects of thermal conduction and the colder region arises through localized slow incoming flow in the case where 3-D slab geometry is taken into account. 3-D flow arises where a local deepening of slab-mantle decoupling depth is assumed, which leads to both warmer and colder regions. The effects on surface heat flow are small. While intermediate-depth seismicity in the subducted crust is suggested to be controlled by temperature-dependent phase transitions, the predicted changes in thermal structure are not sufficient to cause the observed deepening of seismicity. This suggests that the thermal structure of this subduction zone may be more strongly influenced by time-dependent deformation of the overriding crust and slab.
Introduction
Our understanding about the thermal structure of the subduction zone has improved in the last few decades. The main factors controlling the thermal structure of the subduction zone are the heat advection due to cold subducting slab and hot flowing mantle. Thermal conduction also plays an important role near the slab surface and in the overriding plate.
Of particular importance is the cornerflow which arises due to the coupling between downgoing slab and overriding mantle wedge. The rheology of the wedge itself critically influences the heat transport to the slab, and therefore, directly controls the slab surface temperatures. van Keken et al. [2002] , Kelemen et al. [2003] , and Conder [2005] demonstrated that introducing a realistic olivine rheology leads to the focus of the flow in the mantle wedge. As a result, the temperature increases in the mantle wedge and on the slab surface by a few hundred degrees compared to older isoviscous models. The high below-arc temperatures are confirmed by a detailed benchmark for subduction zone models suggesting the governing equations are solved with high accuracy . The effect of radiogenic heat production is small and primarily affects the thermal structure in the overriding plate [Hall, 2012] . Constraints from geophysical observations, in particular those of heat flow and seismic tomography [Tsumura et al., 2000; Bostock et al., 2002; Hyndman and Peacock, 2003; Schurr et al., 2003; Tanaka et al., 2004; Eberhart-Phillips et al., 2008; Rondenay et al., 2008] , provide an indication that the mantle wedge in the fore arc is anomalously cold and apparently not involved in the cornerflow that is induced by the subducting slab. We can assume that over geological timescales the slab is effectively decoupled from the overlying plate due to frequent underthrusting earthquakes along the seismogenic zone that generally ends near 50 km depth. The observed cold corner requires that the slab is decoupled to greater depth by creeping or other aseismic but local deformation. In northern Japan, as well as in other well-instrumented subduction zones, the geometry of the cold corner is best explained when the slab couples to the overlying mantle wedge at depth of approximately 80 km [Wada and Wang, 2009] . Honda [1985] first proposed using numerical model that the rigid fore-arc mantle is necessary to explain the low surface heat flow region in the northeast Japan. Wada and Wang [2009] extended the work to a wide range of subduction zones and proposed the idea of common depth of slab-mantle decoupling. The slab-mantle decoupling depth is a depth such that the mantle does not move with the slab above it and the mantle moves with the same velocity as the slab beneath it. The transition in the rheology and resulting nonlinear feedback between thermal structure and flow geometry causes the near-stagnation of the shallow wedge with resulting lower temperatures [Kneller et al., 2007; Wada et al., 2011] .
The use of thermal modeling is particularly useful in direct comparisons with the temperature estimates from arc geochemistry and petrology. In recent years, we have seen good agreement between model predictions and geochemical observations. Application of the H 2 O-Ce thermometer to determine slab fluid temperatures has shown good correspondence with a specific thermal model for Kamchatka [Plank et al., 2009] . Application of the same technique to 10 subduction zones [Cooper et al., 2012] also show remarkable agreement between geochemical estimates of the slab surface temperature to those predicted in a global study using two-dimensional finite element models [Syracuse et al., 2010] . The models from Syracuse et al. [2010] also compare favorably with trace and major element mixing models for the Chilean [Jacques et al., 2013; Watt et al., 2013] and the Philippine arcs [Turner et al., 2011] . Since geochemical and petrological analyses can be diagnostic for temperature variations that are significantly smaller than 100 C it is critical for us to develop an understanding of how 3-D variations in subduction geometry and flow can influence slab and wedge temperatures.
In this study, we consider the region around the junction between Japan and Kurile arcs (Figure 1 ). The subduction occurs nearly normal to the trench beneath Japan arc (Tohoku region), whereas an oblique subduction occurs beneath Kurile arc (Hokkaido region). Numerous studies on the Tohoku thermal structure have been made with 2-D modeling [e.g., Honda, 1985; Peacock and Wang, 1999; van Keken et al., 2002 van Keken et al., , 2012 ], which appears appropriate due to limited along-arc variations. There are only a few studies focusing on an oblique subduction with 3-D models which is appropriate for the transition into Hokkaido [e.g., Honda and Yoshida, 2005; Kneller and van Keken, 2008; Bengtson and van Keken, 2012] . The number of numerical studies which consider these two regions together is quite small [Morishige et al., 2010; Morishige and Honda, 2013] . Morishige and Honda [2013] showed that the along-arc variation of seismic anisotropy [e.g., Nakajima et al., [2012] . Thick black line shows the location of Japan and Kurile trench. Thin black lines are the contours of slab surface every 10 km [Zhao et al., 1997; Kita et al., 2010] . Colored circles show surface heat flow [Tanaka et al., 2004] . Red line shows the downdip limit of low-angle thrust events [Kita et al., 2010] . Blue line shows the location where we show the cross section in Figure 8b . Arrow shows relative movement of Pacific plate (PA) to North America plate (NA).
Geochemistry, Geophysics, Geosystems 2006], subduction angle [e.g., Hayes et al., 2012] , and the slab behavior in the transition zone [e.g., Fukao et al., 2001; Miller and Kennett, 2006] can be explained at least qualitatively by the effects of the trench shape.
In this study, we focus on two other types of observations in this region which are affected by the thermal structure of the subduction zone.
The surface heat flow observations for northern Japan [Tanaka et al., 2004] show the sharp transition from low values in the fore arc to high and scattered values in the arc and back arc. In southern Hokkaido, an anomalous incursion of low heat flow values occurs toward the Japan Sea (Figure 1 ). This suggests that the crust and mantle beneath this region is anomalously cold. Kita et al. [2010 Kita et al. [ , 2012 imaged an anomalously low seismic velocity area below this region and proposed the presence of subducted continental crust. It may be caused by the southwestward migration of Kurile fore-arc sliver due to oblique subduction of Pacific plate since the middle Miocene [Kimura, 1986] . The presence of this block was also suggested to cause the anomalous deepening of the seismic belt in this region [Kita et al., 2010] although a subsequent study that took this lower crustal root into account could not conclusively link the shift in seismicity to the modified thermal structure .
The upper plane of intermediate-depth seismicity below southern Hokkaido is different from its surroundings. While the seismicity of the upper plane remains in the crust, it occurs deeper than in the surrounding regions to the north and south [Kita et al., 2010] and it gets closer to the slab surface in deeper part, whereas the seismicity diverges from slab surface with depth in other regions . It suggests a modified dynamic or thermal regime there [Kita et al., 2010] . van showed with a series of 2-D numerical models that the location of the blueschist-eclogite transition in the subducted oceanic crust overlaps with the termination of crustal seismicity in Tohoku and Hokkaido, but not beneath the junction between them.
We note that an anomalous area with deepened seismicity and an extended low surface heat flow region occurs also beneath Kanto [Tanaka et al., 2004; Hasegawa et al., 2007] , but this is beyond the scope of this study.
In this study, we will test whether the anomalous heat flow and intermediate-depth seismicity are caused simply by 3-D effects near this junction, as was proposed in van . Toward this goal, we consider three types of cases. The first case focuses on the effects only of 3-D slab geometry. In the second case, we take into account the possible deepening of the transition from underthrusting and slow slip events to full coupling along the plate interface. The downdip limit of low angle thrust earthquakes beneath the junction is deeper than its surroundings by around 15 km (red line in Figure 1 ), which may be possibly due to subducted fore-arc crust [Kita et al., 2010] . In the third case, we consider the two types of effects mentioned above together.
Modeling Approach
We divide the model domains into three parts: the crust, the mantle wedge, and the subducting slab. The x-z cross section is the same along the strike of the trench (y-direction) in all the cases considered except for the slab-mantle decoupling depth as we will show later ( Figure 2a ). The crust thickness is 25 km and the subduction angle is 30 . We consider three cases where slab geometry and/or the slab-mantle decoupling depth differ ( Figure 2c ).
In Case 1, we use the slab geometry similar to that of the junction between Japan and Kurile arcs to see the effects of 3-D slab geometry on the thermal structure. Slab-mantle decoupling depth (D dec ) is constant along the strike of the trench and set to be 80 km [Wada and Wang, 2009] .
In Case 2, we use a simple slab geometry but include a local deepening of slab-mantle decoupling depth which is constrained from the along-arc variation of downdip limit of low angle thrust earthquakes [Kita et al., 2010] . It is given as D dec ½km 587:517:5sin y2175 ð Þ p=50 ð Þ (at y ½km ! 150) and 80 (at y [km] < 150), which means that D dec ranges from 80 to 95 km.
In Case 3, we use the same slab geometry as that used in Case 1, but the slab-mantle decoupling depth is given as D dec ½km 587:517:5sin y2275 ð Þ p=50 ð Þ (at 250 km y 350 km) and is kept constant at 80 km elsewhere.
The mantle flow is computed only in the mantle wedge by solving the equations of mass conservation and motion for an incompressible infinite Prandtl number fluid without buoyancy forces:
(1)
where v is velocity, s is the deviatoric stress tensor, p is dynamic pressure, g is effective viscosity, and _ is strain rate tensor defined by
We assume a rigid boundary v 50 between the mantle wedge and the crust. The velocity boundary condition at the slab surface depends on the depth considered. Below the slab-mantle decoupling depth, we impose v 5v slab 5ðV 0 cos 30 o ; 0; 2V 0 sin 30 o Þ with V 0 58 cm/yr while above this depth the velocity boundary condition is zero. v changes from 0 to v slab linearly over 6 km along the slab surface around the slab-mantle decoupling depth to mitigate the effects of the pressure singularity that arises with a discontinuous velocity boundary condition as discussed in van Keken et al. [2002] . The wedge inflow/outflow boundaries are assumed to be 2p1s xx 52p1s yy 52p1s zz 50 leading to free inflow and outflow. We assume v y 5 0 cm/yr and zero shear stress at the boundaries in y-direction.
We solve the time-dependent heat equation for the whole domain. We ignore radiogenic heat production and assume the Boussinesq approximation: where T is temperature, t is time, and j (57.272 3 10 27 m 2 /s) is thermal diffusivity. In solving this equation, the velocity in the crust and subducting slab are assumed to be 0 and v slab , respectively. The surface boundary condition is 0 C and the GDH1 model [Stein and Stein, 1992] is used to define the temperature at the wedge inflow (assuming an age of 30 Myr appropriate for the Japan Sea) and slab inflow (with an age of 130 Myr). GDH1 model is a plate cooling model where the plate thickness is 95 km and the potential temperature at the bottom of the plate is 1421.5 C. No heat flow is assumed at other boundaries. We assume the constant adiabatic temperature gradient of 0.3 K/km that we add as a postprocessing step.
We consider dislocation creep in the mantle wedge. The effective viscosity for this deformation mechanism can be written as
where A disl 52:8968 3 10 4 Pa Á s 1=n is constant, E disl 5540 kJ/mol is activation energy, R 5 8.3145 J/K/mol is the gas constant, n 5 3.5 is a constant, and _ is the second invariant of strain rate tensor defined as
The values of these parameters are based on Karato and Wu [1993] for dry olivine.
The effective viscosity used in equation (3) is defined by
where g max 510 24 Pa Á s is the maximum viscosity.
We use the finite element code Sepran [Cuvelier et al., 1986] with a linear tetrahedral mesh to solve these equations. The minimum linear element size is 1.5 km around the slab-mantle decoupling depth (Figure 2b ) with the resolution of elements increasing to 20 km in areas of small temperature variations. We conducted convergence tests for an essentially 2-D case (3-D case with no along-arc variation) and found that this resolution is acceptable. We use GDH1 model [Stein and Stein, 1992] with an age of 30 Myr as the initial thermal structure. We evolve the time-dependent models for 20 Myr and use a time step of 0.38 Myr.
Results
In this section, we mainly focus on the slab surface temperature and surface heat flow in each of the three cases. The surface heat flow is defined by
where k 5 3 W/m/K is the thermal conductivity. Figure 3 shows the results of the case focusing on the effects of 3-D slab geometry on the thermal structure of the subduction zone. The curvature radius R C of the junction is $141.4 km in this case.
Case 1: Effects of 3-D Slab Geometry
We can see first that the slab surface temperature is slightly higher where an oblique subduction occurs compared to where the subduction occurs normal to the trench (compare, for example, the temperature at y 5 150 km and y 5 500 km, Figure 3a) . Near the junction, we can see a colder region at y $ 360 km and a warmer region at y $ 255 km on the slab surface. The minor departures near y 5 0 km are caused by the assumed flow boundary condition there and can be ignored.
Surface heat flow shows the general trend that it is low near the trench and high far from the trench, but there is no significant along-arc variation (Figure 3b ). Horizontal velocity of the mantle flow shows that the Geochemistry, Geophysics, Geosystems direction of incoming flow is nearly normal to the trench, but a region where the flow velocity is low arises near the junction (at y $ 350 km, Figure 3c ).
We also investigate the effects of the smoothness of the junction (Figure 4 ). In this case, the curvature radius R C of the junction is smaller ($28.3 km). The colder region on the slab surface at y $ 340 km is similar to the case with a larger curvature radius, but we can see the warmer region more clearly at y $ 295 km in this case (Figure 4a ). The surface heat flow and horizontal velocity of the mantle flow are similar to the case with a larger curvature radius (Figures 4b and 4c ).
Case 2: Effects of a Local Deepening of Slab-Mantle Decoupling Depth
We show the results of the case focusing on the effects of a local deepening of slab-mantle decoupling depth ( Figure 5 ). The increase of slab surface temperature at the slab-mantle decoupling depth is larger where we assume a local deepening of slab-mantle decoupling depth, which produces a warmer region there (at y $ 200 km, Figure 5a ). There is a region with a slightly lower temperature just next to it at y $ 160 km. The along-arc variation of surface heat flow is insignificant (Figure 5b ). The mantle flow in the wedge shows a significant 3-D pattern in the region where a local deepening of the slab-mantle decoupling depth is assumed (Figure 5c ). The mantle flow spreads in the direction parallel to the trench (y-direction) near the slab-mantle decoupling depth at y $ 200 km. The material first located near the top moves in y-direction over a long distance (path 3), whereas the material first located far from the top does not move significantly in the y-direction (paths 1 and 2). The material where the slab-mantle decoupling depth is constant shows a more common 2-D cornerflow pattern (paths 4 and 5). Figure 6 shows the results of the case where we consider the combined effects of 3-D slab geometry and a local deepening of slab-mantle decoupling depth. We observe two warmer regions at y $ 255 km, 300 km and a colder region at y $ 355 km (Figure 6a ). There again is little change in surface heat flow along the Figure 3 ). The arrows on the right side of Figure 4a show the position of the warmer and colder regions where we consider the cross sections in Figure 8 . strike of the trench (Figure 6b ). Horizontal velocity of the mantle flow is similar to that in Case 1 with a large curvature radius of the junction (Figure 3c ), although we can see a slight difference near the junction (at y $ 350 km, Figure 6c ).
Case 3: Combination of Case 1 and Case 2
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Steady State Cases
The three cases discussed above are based on a 20 Myr evolution of the time-dependent model. This is sufficient to bring the slab thermal structure of 2-D models into a quasi steady state. A longer evolution will cause changes in the thermal structure of the overriding plate, which is relevant for surface heat flow. Hall [2012] discussed the difference between the results in steady state and time-dependent cases using simple 2-D subduction zone models, similar to van Keken et al. [2008] . We evaluate how the assumption of pure steady state, where we do not solve the time-dependent equations but assume @T=@t 5 0 in equation (5), affects the thermal structure in these 3-D models.
Figures 7a and 7b are the results obtained assuming steady state for Case 1 with a large curvature radius of the junction. Intriguingly, the slab surface temperature clearly differs from that in time-dependent case for Case 1. Specifically, the colder region (at y $ 390 km) is more pronounced (cf. Figures 3a and 7a ).
On the other hand, the difference in slab surface temperature between steady state and time-dependent cases for Case 2 is rather small (cf. Figures 5a and 7c) .
The surface heat flow shows slightly more distinct along-arc variation in the steady state cases (Figures 7b  and 7d ). The thermal structure of the overriding plate is somewhat more affected by the underlying thermal structure. The along-arc variation of surface heat flow in Case 2 directly reflects the assumed slab-mantle decoupling depth. Note that the values of surface heat flow are lower in steady state cases as a whole, which is caused by the conductive thickening of lithosphere of the overriding plate.
Discussion
Slab Surface Temperature
We showed that the along-arc variation of slab surface temperature arises by the effects of 3-D slab geometry and a local deepening of slab-mantle decoupling depth. In this subsection, we consider the possible causes of these thermal anomalies. First, we saw that slab surface temperature is generally higher where an oblique subduction occurs compared to where the subduction occurs normal to the trench. It can be explained by the effects of subduction obliquity. Bengtson and van Keken [2012] showed that the slab surface temperature in an oblique subduction case was identical to that obtained in a 2-D cross section which is taken normal to the trench. We consider a proxy of the temperature in the slab called thermal parameter U [Kirby et al., 1991] (which is defined as U5Av p sin h where A is plate age, v p is slab speed, and h is subduction angle which are taken in the trench-normal direction). In the cross section normal to the trench U54648 km where an oblique subduction occurs (note that the maximum angle between the direction of subduction and the strike of the trench is 45 ), but it increases to 5200 km where the subduction occurs normal to the trench. This increase explains the difference of slab surface temperature in the two regions. In Case 1, a region with slower incoming flow (Figures 3c and 4c ) also causes less rapid warming of the slab surface near the junction, as is indicated by the overlap in location of slow flow and low slab surface temperature (at y $ 350 km). Changes in the curvature radius of the junction (R C ) are less important (Figures 3c  and 4c) , demonstrating that the large-scale flow in the mantle wedge is not affected by the smoothness of the junction at least for the range of R C considered in this study.
Interestingly, the warmer region seen in Cases 1 (at y $ 255 km in Case 1 with large curvature radius and y $ 295 km in Case 1 with low curvature radius) appear to be caused by thermal conduction as the slab is warmed from two different horizontal directions (from the left and upper left directions, Figures 3a and 4a) , so the temperature rises. The fact that this effect is weaker when the junction is smoother supports this idea (Figures 3a and 4a) .
In Case 2, we saw that a local deepening of slab-mantle decoupling depth leads to a 3-D flow in the mantle wedge (Figure 5c ). The warmer region at y $ 200 km arises because the material here originally comes from relatively deeper and warmer part (paths 1 and 2). The warmer slab surface for a larger decoupling depth is also observed in 2-D models [Wada et al., 2008] . The path 3 includes the motion in y-direction compared to paths 4 and 5, so it takes longer time for the material to move down to a certain depth on the slab surface along this path. It means that the material which moves along the path 3 is cooled for longer time, which leads to the colder region at y $ 160 km.
The slab surface temperature distribution in Case 3 may be understood simply by combining the results obtained in Cases 1 and 2. The effects of 3-D slab geometry may cause the warmer region at y $ 255 km and the colder region at y $ 355 km, as we have seen in Case 1. The warmer region at y $ 300 km is likely due to 3-D flow caused by a local deepening of slab-mantle decoupling depth as in Case 2.
Intermediate-Depth Seismicity
We now turn to the question whether the changes in slab temperature can explain the deepening of the seismic belt below southern Hokkaido as suggested by van Keken et al. [2012] based on observations by Kita et al. [2010] . Since in most of the Tohoku and Hokkaido subduction systems, the upper plane seismicity is restricted to the region where blueschist facies rocks are predicted and disappear where eclogite facies rock should occur , we calculate the blueschist-out boundaries for Case 1 (with low curvature radius) and Case 3 and compare these to a 2-D case (Figures 8a1-8a3) . We assume that the blueschist-out boundary is described by T [ C] 5 617 2 52 P [GPa] where P is pressure [Hacker, 2008] . The pressure is calculated by using the values 2700 and 3300 kg/m 3 as the density of crust and mantle materials, respectively. First, the result of 2-D case shows that blueschist-out boundary starts at 80 km depth and ends at 125 km depth. The depth it starts may be controlled mainly by assumed slab-mantle decoupling depth.
The result of Case 1 shows that the depth they start are the same (i.e., at 80 km) for the cross sections in the cold and warm regions, but the depth where it ends is shallower for the warm region. It is because that the difference in slab surface temperature remains at Moho depth (red lines in Figures 8c and 8d) . In Case 3, on the other hand, the depth at which the blueschist-out boundaries start differs for the cross sections in the cold and warm regions, which reflects the change in decoupling depth. However, this difference is recovered deeper in the subducting oceanic crust. It reflects the fact that the difference in Moho temperature becomes small at deeper part (blue lines in Figure 8d ). This feature can be seen also in 2-D numerical models . We also calculate blueschist-out boundaries in the cross sections far from the junction (at y 5 150 and 500 km) for Cases 1 and 3, and find that the obtained blueschist-out boundaries start at around 80 km depth and diverge from slab surface with depth, which are broadly consistent with observed intermediate-depth seismicity below Tohoku and Hokkaido (results not shown).
At the junction between Japan and Kurile arcs, van showed that the intermediate-depth seismicity may occur a few kilometer beneath the slab surface in the shallow part and then gradually get closer to the slab surface with depth ( Figure 8b ). However, we do not observe this kind of trend at the junction in any of the cases considered in this study. Using a different rheology or a large value of maximum slab-mantle decoupling depth increases the variation of slab surface temperature but does not help explain the distribution of the seismicity (Appendix A).
This clearly suggests that the 3-D flow geometry modeled here, even with changes in decoupling depth, cannot satisfactorily explain the deepening and relative location to slab surface of the seismic belt. One suggestion is that 3-D deformation of the slab (which is ignored here) can be important in causing the changes in thermal structure and modification of the blueschist-eclogite facies transition.
A second suggestion is that the relative location of the intermediate-depth seismicity in relation to the slab surface is not as precise beneath the junction as it is further south in Tohoku, since they are not determined simultaneously there [Kita et al., 2010] , although we observe that the correlation between seismicity and predicted mineral facies is recovered also in Hokkaido north of the junction ].
An alternative suggestion for the deepening of the seismic belt could also be a kinetic delay of the phase change, although this begs the question why the kinetic conditions would be different in the junction but not elsewhere in the Northern Japan subduction zones.
Surface Heat Flow
In the cases considered in this study, we see only very minor along-arc variation in surface heat flow (Figures 3b, 4b , 5b, and 6b). The variations are slightly larger in the steady state cases (Figures 7b and 7d ), but still much weaker than the clear heat flow excursion that is observed [Tanaka et al., 2004] (Figure 1) . For now, the best candidate to explain the low surface heat flow region at the junction may be the possible existence of subducted fore-arc crust [e.g., Kita et al., 2010 Kita et al., , 2012 .
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We plan on future studies that will include the time-dependent behavior of fore-arc crust, a realistic Moho structure [Katsumata, 2010] and the associated changes in radiogenic heat production, to develop a better understanding of surface heat flow in this region.
Conclusion
We investigated the effects of 3-D slab geometry and a local deepening of slab-mantle decoupling depth on thermal structure of the subduction zone near the junction between Japan and Kurile arcs. We found that both effects produced the along-arc variation of slab surface temperature which includes regions that are either warmer or cooler than expected from 2-D models. The warmer region arises through 3-D effects of thermal conduction and the colder region arises through localized slow incoming flow in the case where 3-D slab geometry is taken into account. 3-D flow arises where a local deepening of slab-mantle decoupling depth is assumed, which leads to both warmer and colder regions. The along-arc difference of slab surface temperature could reach $100
C when large maximum slab-mantle decoupling depth (120 km) is assumed or diffusion creep is considered as the deformation mechanism. Generally, the temperature differences along the strike of the trench are modest but may be detectable by geochemical methods that determine independently the temperature of the slab below the arc. Neither the anomalous deepening of the upper plane seismicity nor the heat flow excursion in southern Hokkaido is explained well by these 3-D models, suggesting a bigger importance of structural variations in the overriding plate compounded potentially by 3-D dynamical effects that are not taken into account in this study. Figure A2 . Results of Case 3 with the maximum slab-mantle decoupling depth (D dec ;max ) extended down to 120 km with descriptions as in Figure A1 .
